The regenerative decline of organisms during ageing is linked to the reduced proliferative activity, impaired function and exhaustion of tissue-specific stem and progenitor cells. Studies using heterochronic parabiosis, involving the surgical attachment of young and old organisms so that they share a common vascular system, have revealed that the systemic environment has a profound effect on stem cell function. In particular, specific youthful rejuvenating circulatory factors reverse age-related declines in stem cell function, whereas the old milieu contains inhibitory factors that impede stem cell function in young animals. Similarly, the effects of certain dietary interventions, namely calorie restriction, also induce a more youthful cellular and molecular phenotype in ageing stem cells throughout the body. Further to this, there are key molecular pathways involved in translating the availability of nutrients into altered stem cell function, including signalling in the insulin and insulin-like growth factor and mechanistic target of rapamycin (mTOR) pathways. In this review, we discuss the potential role of dietary interventions to promote a more rejuvenating systemic milieu in order to enhance stem cell function and promote healthy ageing.
6.
The systemic milieu as a mediator for diet and environment induced effects on stem cell function during ageing . 
Introduction: ageing, tissue-specific stem cells and diet
The medical, social and economic response to a fast ageing demographic worldwide is a great challenge of the 21st century. Ageing entails body-wide deterioration and in the brain, manifests in cognitive impairments and increased risk of debilitating neurodegenerative conditions (Bishop et al., 2010; Mattson and Magnus, 2006) . Finding the means to counteract and perhaps reverse the processes driving age-related deterioration is thus a major focus of medical research.
At the cellular and molecular levels, ageing encompasses: genomic instability, telomere attrition, epigenetic alternation, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction and altered intracellular communication (Lopez-Otin et al., 2013) . Another major hallmark of ageing organisms is a reduced ability to regenerate. In tissues such as muscle, blood, liver and the brain, this regenerative decline has been directly linked to reduced proliferative activity, impaired function and exhaustion of tissue-specific stem and progenitor cells (Lopez-Otin et al., 2013) . These stem cells typically maintain mammalian tissues owing to their two defining characteristics: (i) self-renewal and (ii) the ability to differentiate into specialised cell types that make up a tissue. The balance between stem cell self-renewal and differentiation largely governs tissue homeostasis as well as the response to ageing processes and disease (Mihaylova et al., 2014) .
Genetic studies have demonstrated that cell-intrinsic changes, such as an increased expression of the senescence CDKN2A gene that encodes cyclin-dependent kinase inhibitor 2A, negatively regulate adult stem cell regenerative capacity across a number of tissues (Janzen et al., 2006; Molofsky et al., 2006) . In addition to these intrinsic effects, it is now appreciated that age-related declines in stem cell function are also attributable to aberrant extrinsic signals. Indeed, stem cells reside in specialised niches, or microenvironments, which are three-dimensional heterogeneous entities, compromised of many different cell types and are intimately associated with the surrounding vasculature. This close proximity enables stem cells to respond to extrinsic cues, these may include paracrine, 'local' or 'short range', signals from cells that comprise the niche or delivery of 'long-range' cues from the systemic milieu (Villeda and Wyss-Coray, 2013) .
Diet is an important lifestyle factor that influences health, disease and longevity. Food consumption directly influences the availability of nutrients as well as the levels of growth factors and hormones in the circulatory system, with subsequent impacts on tissue homeostasis throughout the body (Rafalski et al., 2012) . A fundamental role of stem cells is to change their activities throughout the life span in response to changing growth and regeneration demands, processes intimately linked to nutritional changes (Signer and Morrison, 2013) . Whilst the precise mechanisms remain to be elucidated, it is increasingly recognised that mammalian stem cells are able to integrate extrinsic signals derived from systemic factors to alter tissue composition and growth (Mihaylova et al., 2014) . For example, neural stem cells have the machinery to detect circulating levels of Insulin Growth Factor 2 (IGF2) and in turn this drives their proliferation (Lehtinen et al., 2011) . More recently, Yilmaz et al. (2012) report a direct relationship between organismal feeding and paneth cell modulation of stem cell activity in the intestinal crypt. These studies demonstrate the sensitivity of stem cells to extrinsic signals, permitting rapid responses to changing dietary circumstances and alterations in the systemic environment.
1.1. Parabiosis: a unique tool to assess the physiological impacts of the systemic environment Parabiosis has its etymological routes in Greek, para 'alongside' and bios for 'life', and describes the surgical attachment of two living organisms, so that they share a common vascular system with continuous exchange of soluble factors at physiological levels (Wright et al., 2001) . First described in 1864 by the French physiologist Paul Bert (Bert, 1864) , this artificially established symbiosis has been employed to investigate a number of physiological and pathophysiological processes, including: organ transplantation, cancer immunology and endocrinology (Finerty, 1952) .
The animals used in the parabiosis experiment are genetically identical; this precludes any 'tissue' rejection (Eggel and Wyss-Coray, 2014) . Parabiosis therefore enables researchers to ask whether transmissible factors in the blood of one parabiont, have physiological effects on its partner. In other words, parabiosis allows researchers to explore whether circulating factors in the bloodstream can alter tissue function. What seems at first, to be a barbaric undertaking actually represents an elegant experimental design. Indeed, this procedure enables a more holistic approach to physiological investigation, providing an advantageous model for studying biological processes and diseases where there are known organism-wide changes, such as those associated with diet and ageing (Eggel and Wyss-Coray, 2014 ).
Parabiosis: unravelling the influence of diet-related changes in the systemic environment
In 1969, Coleman and Hummel grafted together mice harbouring the mutation db/db, which develop diabetes and are prone to obesity, to inbred wild-type mice. Contrary to the author's hypotheses, they observed that the obese db/db mice continued to gain body weight, whereas the wild-type mice decreased their food intake (Coleman and Hummel, 1969) . This indicated the presence of a humoral satiety factor that could only exert its effect in the wildtype mice. Indeed, this subsequently proved to be the case with the identification of leptin, now known as one of the important hormones that regulate body weight (Zhang et al., 1994) . Moreover, it was later reported that the db gene encodes a non-functional form of the leptin receptor (Chua et al., 1996) . This example, one of many (reviewed recently by Eggel and Wyss-Coray, 2014) , shines a light on the fundamental insights gleaned from parabiosis studies, and particularly supports the notion that diet-related changes in the systemic environment is an important mediator of physiological function.
1.3. Parabiosis: in pursuit of the systemic elixir of youth through the study of tissue specific stem-cells
The study of ageing processes using parabiosis first arose out of observations that attachment to a healthy animal could extend life span of a partner exposed to a lethal treatment or disease (Conboy et al., 2013 Villeda and Wyss-Coray, 2013) . A surgical procedure forms a cross-connection between the two animals, typically mice, so that a common circulatory system is established, permitting rapid and continuous exchange of soluble factors at physiological levels (Wright et al., 2001) . These studies have revealed that young circulatory rejuvenating factors are able to reverse age-related declines in tissue-specific stem cell function in the old parabiont (green dashed arrows). Conversely, age-related circulatory factors impede stem cell function in the young parabiont (red dashed arrows). muscular dystrophy and a healthy partner extended the life span of the former (Hall et al., 1959) . So whilst these studies did not directly investigate ageing processes, they helped established the hypothesis that a healthy young partner may be beneficial for an aged organism (Conboy et al., 2013) . Heterochronic parabiosis, pairing together a young and aged organism, provides a unique experimental design to assess the effects of systemic environment on age-related processes and longevity (Conboy et al., 2013) . In the first experiments grafting together young and old animals, the older heterochronic parabiont had an extended life spans when compared to aged isochronic counterparts (Ludwig and Elashoff, 1972) , providing fascinating evidence for the potential rejuvenating effects of the youthful systemic milieu. The use of this technique was rediscovered in 2000s and has recently undergone a renaissance, with several high-profile studies demonstrating the rejuvenating effects of youthful systemic milieu on ageing processes and tissue-specific stem cells throughout the body (Fig. 1) (Brack et al., 2007; Conboy et al., 2005; Katsimpardi et al., 2014; Loffredo et al., 2013; Ruckh et al., 2012; Salpeter et al., 2013; Sinha et al., 2014; Villeda et al., 2011 Villeda et al., , 2014 . In addition, the development of high-throughput technologies that enable, for example, systematic analysis of gene expression and protein modifications have thrust parabiosis into the modern scientific era, with it now being possible to investigate individual or panels of factors in the blood that influence cellular behaviour, alongside, exploration of the precise molecular mechanisms underlying this influence (Conboy et al., 2013) . Moreover, it can now be explored whether dietary and other environmental interventions, known to exert body-wide effects, do so via changing the composition of the systemic milieu, picking up from the pioneering studies of the 60s and 70s.
In this manuscript, we review two key areas: (i) Parabiosis studies since 2005 that have consistently demonstrated the marked and beneficial impact of the youthful systemic milieu on ageing processes related to impaired stem cell function throughout the body and (ii) The influence of dietary regimens, particularly of calorie restriction (CR), on stem cell function with a focus on key molecular pathways engaged by nutrient availability. The integration of these two strands suggests that the profound impact of diet on tissue-specific stem cells is plausibly mediated by changes in the composition of systemic environment. In particular, we posit that just as ageing processes in stem cells can be 'reversed' by the youthful milieu, diet-induced changes in the levels of circulating factors also has the potential to impact upon stem cell function to enhance both body-wide regeneration and cognitive function during ageing.
Ageing tissue-specific stem cells and the systemic environment

The ageing muscle and liver
After muscle injury in adults, muscle stem cells (also known as satellite cells) activate and give rise to proliferative myoblasts, which together fuse to form nascent myofibres and markers of regenerating muscle. At the molecular level, notch signalling is integral for the activation, proliferation and progression of satellite cells into myogenic or muscle lineage and therefore essential for muscle repair (Conboy et al., 2003) .
Notably, upregulation of the Notch ligand Delta is compromised with age following muscle injury and forced activation of Notch signalling in aged satellite cells can restore regenerative capacity (Conboy et al., 2003) . In addition, when aged muscle is grafted into a young muscle host it demonstrates marked improvements in regenerative capacity, and conversely, young muscle grafted into an aged host has impaired regenerative ability (Carlson et al., 2001; Carlson and Faulkner, 1989) . These observations shaped the hypothesis that circulating factors in the blood governed the regenerative capability of aged satellite cells, and in particular, that these factors acted on the molecular pathways regulating stem and progenitor cell regeneration.
To test this hypothesis, Conboy and co-workers paired together young (2-3 months) and old (19-26 months) mice using heterochronic parabiosis. As controls, this study also used isochronic pairings of young-young and old-old parabionts. Five days after muscle injury, in the old heteroparabionts and young isoparabionts only, satellite cell proliferation, myotubule formation and tissue regeneration increased. Importantly, these changes were attributed to the activation of aged resident progenitor cells, and not the engraftment of circulating progenitor cells from the younger partner.
In addition to these cellular changes, the Notch ligand Delta was upregulated to a comparable level in satellite cells of both young isochronic and old heterochronic parabionts, but not in the old parabionts following muscle injury. Intriguingly, satellite cells from young heterochronic parabionts did not upregulate delta levels to the same extent as the young isochronic parabionts.
Similarly, the authors also observed reduced progenitor cell proliferation in the liver of young heterochronic parabionts. Moreover, an age-specific complex, including cell cycle regulators, that mediates age-related declines in hepatocyte proliferation was diminished in the livers of old heterochronic parabionts, indicated reversion to a 'youthful' molecular phenotype, consistent with the enhanced proliferative activity of hepatocytes in these mice. Conversely, this complex was present at elevated levels in young heterochronic parabionts when compared to young controls, consistent with the modest inhibition of hepatocyte proliferation following exposure to ageing systemic milieu.
These interesting data show that: (i) Heterochronic parabiosis can restore the molecular machinery required for muscle and liver regeneration in aged animals and (ii) That age-related circulating factors perturb satellite and hepatocyte cell in the young heteroparabionts. These data raise the exciting prospect that such changers result from an increase in the levels of positive or rejuvenating factors in the young blood or from a decrease/dilution of inhibitory factors in the old blood, or a combination of both of these explanations. Overall, this landmark study paved the way for further demonstrations of the rejuvenating impact of the youthful milieu on stem cell function during ageing, and also the triggered the hunt for specific circulating factors governing the activity of tissue-specific stem cells throughout ageing.
The ageing heart and youthful GDF11
Parabiosis has also been utilised to evaluate instances where increased cellular size or hypertrophy may have detrimental consequences for organ function. For example, ageing is prominently associated with cardiac hypertrophy, leading to elevated diastolic pressure and ultimately heart failure (Aurigemma, 2006) . Loffredo and colleagues, demonstrated that exposure to the youthful environment (2 months) during parabiosis markedly reversed this hypertrophy in aged heteroparabionts (23 months), an effect immediately apparent upon visual inspection and corroborated at the cellular and molecular level with features akin to a young adult mouse (Loffredo et al., 2013) .
Importantly, in an independent cohort of parabionts, the authors conducted a series of meticulously controlled experiments to definitively rule out confounding effects potentially resulting from parabiosis and gender. These included evaluations of behaviour, blood pressure and haemodynamic changes, leading the authors to conclude that the cardiac remodelling following heterochronic parabiosis likely owes to circulating antihypertrophic factor(s) produced by young mice.
Using a broad-scale proteomic analysis of plasma from young (2 month) and old (23 month) mice, 13 analytes were revealed that reliably distinguished young from old mice, identifying candidate factors that may drive the regression in cardiac hypertrophy following heterochronic parabiosis. Of these factors, only growth and differentiation factor 11 (GDF11), demonstrated a more youthful expression in plasma derived from old heterochronic parabionts. GDF is a member of the TGF-␤ superfamily, a conserved family of growth factors that govern a multitude of cellular processes (Chang et al., 2001) .
Testing the effects of GDF11 in vitro on neonatal cardiomyocytes revealed potent antihypertrophic effects and further in vivo investigation revealed the presence of GDF11 at the intercalated discs between adjacent cardiomyocytes, a key region for ligands/receptors known to affect hypertrophic signalling (Gustafson-Wagner et al., 2007; Johnston et al., 2009) . Moreover, bolus intraperitoneal injection of GDF11 into old mice (23 months) resulted in significantly smaller cardiomycotes and marked reductions in molecular markers associated with cardiac hypertrophy, when compared to saline-injected age-matched controls.
This carefully designed study, adds more weight to the notion that the youthful milieu can reverse molecular, cellular and structural changes associated with ageing. Moreover, this study identifies a specific candidate in the form of GDF11 that can reverse age-associated cardiac hypertrophy, but it cannot be ruled out that other circulating factors also contribute to this effect. With regards to translational potential of this finding, it must be noted that GDF11 circulates a significantly lower concentrations in humans when compared to mice (Souza et al., 2008) .
Recently, the systemic effect of GDF11 injection on impaired satellite cell function during ageing was also evaluated (Sinha et al., 2014) . These authors hypothesised that one of the major determinants of compromised satellite cell function, and indeed other tissue-specific stem cells, is damage to DNA integrity. Indeed, freshly sorted aged satellite cells display elevated expression of markers related to DNA damage, such as the phosphorylated form of histone H2AX (pH2AX) (Mah et al., 2010) . Pairing together young mice (2 months) with aged mice (22 months) for four weeks reduced numbers of pH2AX foci DNA damage in satellite cells derived from the old heteroparabionts. The authors also report that GDF11 declines in the muscle of aged mice and daily injections of recombinant GDF11 increased the number of satellite cells with intact DNA, when compared to vehicle administration only.
Furthermore, GDF11 administration prior to injury of the tibialis anterior muscle and continued for 7 days post injury, improved the regenerative ability of ageing satellite cells. In terms of mechanisms of action, GDF11 supplementation increased the size of the neuromuscular junction, but did not alter gross anatomy, fat mass or muscle mass in aged muscle in the absence of injury. Evaluation with electron microscopy revealed a reduction in swollen mitochondria and restoration of regular mitochondrial sub-cellular patterning in aged mice treated with GDF11. In line with these changes in mitochondrial structural integrity, levels of peroxisome proliferator-activated receptor gamma coactivator 1alpha (PGC-1␣), an important regulator of mitochondrial biogenesis, were increased in the muscle derived from aged mice treated with GDF11, suggesting that GDF11 influences mitochondrial dynamics. In addition, GDF11 supplementation to aged mice also increased basal levels of autophagy, providing evidence for another mechanism likely underlying the cellular remodelling of muscle fibres in aged fibres (Sinha et al., 2014) .
Crucially, the cellular and ultra-structural changes following GDF11 supplementation translated to functional improvements, as evidenced by an increase in exercise endurance and enhanced gripstrength (Sinha et al., 2014) . Together, these studies demonstrate that the circulating mitogen GDF11 exerts profound effects on multiple tissue-specific stem and non-stem cells throughout out the body via preservation of genomic integrity, enhanced mitochondrial function and increases in autophagy.
The ageing CNS
Neurogenesis and ageing
The discovery of two discrete neurogenic niches in the adult brain, the dentate gyrus (DG) of the hippocampal formation and the subventricular zone (SVZ) of the olfactory bulb, overturned the long-held dogma that the mammalian adult brain has no capacity for generating new neurons (Deng et al., 2010) . Neurogenesis has two fundamental aspects: (1) proliferation of neural progenitor cells (NPCs) and (2) differentiation of cells within this progenitor pool into mature and specialised neurons that integrate into the neurocircuitry and influence brain function.
Interestingly, hippocampal neurogenesis is extremely sensitive to environmental influence through positive inducers such as physical exercise, enriched environments, learning and certain dietary regimens (e.g. calorie restriction, polyphenols and polyunsaturated fatty acids) (Kapogiannis and Mattson, 2011; Murphy et al., 2014; Stangl and Thuret, 2009 ) but also by factors which have the opposite effect such as glucocorticoids associated with stress (Anacker et al., 2011; Snyder et al., 2009) .
Both in vivo and in vitro studies have reported marked declines in neurogenic activity with age, and are supported by electrophysiological and behavioural impairments (Kuhn et al., 1996; Maslov et al., 2004) . The important role played by extrinsic factors in mediating these declines are increasingly recognised (Villeda and Wyss-Coray, 2013) . Indeed, both the SVZ and DG are richly concentrated around blood vessels and are exposed to the cerebrospinal fluid, facilitating potential communication between cells of the niche and the systemic environment (Palmer et al., 2000) .
The ageing DG
Using heterochronic parabiosis, Villeda et al. (2011) demonstrated that exposure to the ageing milieu (18-20 months) results in compromised hippocampal neurogenesis as evidenced by a marked decrease in doublecortin (DCX) positive immature neurons in the DG of the young heteroparabionts. The converse also held true, whereby exposure to the young (3-4 months), putatively 'rejuvenating' milieu reversed age-related declines in DCX expression. These cellular results were reflected in electrophysiological measures where decreases in Long Term Potentiation (a correlate of learning and memory) were observed in the young heterochronic parabionts (Villeda et al., 2011) . Further to this, behavioural assessment using the contextual fear memory paradigm demonstrated that mice receiving old plasma showed decreased freezing. Taken together, these data demonstrate that the age-related systemic changes affect hippocampal neurogenesis and associated cognitive functions during ageing.
To explore the existence of specific factors mediating the detrimental effect of the ageing milieu, the authors also conducted a proteomic screen and identified the chemokine CCL11 as their top candidate -which had not previously been associated with ageing, neurogenesis or cognition. Further to this, this same immune factor was elevated in an age-dependent manner in the plasma and CSF from humans. Lastly, intraperitoneal injection of CCL11 replicated the results from the heterochronic parabiosis experiments, supporting the notion that specific circulating age-related factors compromise neurogenesis, synaptic plasticity and cognition (Villeda et al., 2011) .
The ageing SVZ
Katsimpardi et al. (2014) tested whether age-related declines in the SVZ, could also be ameliorated by exposure to the youthful milieu. They paired together 15-month and 2-month old mice, as well as isochronic controls, for five weeks. In the old heteroparabionts, there was a significant increase for markers of proliferation (Ki67+), progenitor cells (Sox2+), and Olig2+ transit amplifying progenitors (Olig2+) when compared to their aged isochronic parabionts. In the young heteroparabionts, these markers remained unchanged, contrasting with the results obtain by Villeda and coworkers who showed a negative effect of the ageing milieu on the young DG. However, when Katsimpardi and colleagues repeated their experiment with older mice (21 months), a similar age to that in used to the DG studies, they found that exposure to an older systemic milieu, negatively affected proliferation in the SVZ when compared to young isochronic parabionts. These data suggest that it is the accumulation of deleterious or loss of youthful systemic factors with increasing age that underlies the negative effect of the systemic milieu on stem cell activity in these studies.
Increases in stem cell activity in the SVZ of the aged heteroparabiont were mirrored by increases in olfactory neurogenesis, and in the young heteroparabionts, the detection of new neurons in the olfactory bulb was negatively affected but this decrease was not statistically significant. Moreover, these restored levels of olfactory neurogenesis manifested in a functional improvement, as upon surgical separation, single naive aged heteroparabionts spent more time exploring odours at low concentrations and at the highest concentrations, a negative response was induced. In contrast, aged mice derived from the isochronic pairings spent a similar time with the odour, regardless of whether it was diluted or concentrated.
Strikingly, through the use of angiograms, "3D reconstructions of blood vessels", the authors also demonstrated that exposure to the youthful milieu reversed age-related declines in cerebrovascular vasculature, capillary density and cerebral blood volume (Katsimpardi et al., 2014) .
Given the role played by GDF11 in remodelling cardiac and skeletal muscle (Loffredo et al., 2013 ), Katsimpardi and colleagues tested whether this posited rejuvenating factor could also restore age-related declines in neurogenesis and induce vascular remodelling in aged-animals. Aged mice (21 months) were injected with recombinant GDF11 for 2 months so as to restore the levels of GDF11 to youthful levels. GDF11 increased the volume of blood vessels by 50% and increased the number of Sox2+ cells in the SVZ when compared to aged-match controls injected with PBS. Mechanistically, in vitro experiments confirmed that GDF11 acts on brain capillary endothelia cells to increase their proliferation, engaging its intended molecular target of the TGF-Beta signalling pathway.
Notably, the effects of GDF11 in isolation upon neurogenesis in the aged SVZ and vasculature were not as pronounced as exposure to the youthful systemic milieu during parabiosis. This may be due to suboptimal doses being used or more likely, that other, as yet unidentified factors also contribute to the rejuvenating effect. Nonetheless, GDF11 in its own right still dramatically enhances blood flow with age.
The ageing hippocampus
The hippocampus is particularly vulnerable to the ageing process as evidenced by down regulation of plasticity-related genes, declines in neurogenic activity and it being one of the earliest most severely afflicted regions in Alzheimer's disease alongside marked drops in performance on hippocampal-dependent tasks (Bishop et al., 2010; Small et al., 2011) .
To evaluate whether the young systemic milieu could also reverse age-related declines in cognitive performance and synaptic plasticity related to the hippocampus, Villeda et al. (2014) again turned to parabiosis, joining together aged (18 months) and young mice (3 months). Genome-wide microarray analysis of whole hippocampi revealed that pathways related to synaptic plasticity regulation where upregulated in the aged heteroparabionts when compared to aged isochronic parabionts. In particular, plasticity related pathways that engaged cAMP response element-binding protein (Creb), were upregulated by exposure to the youthful systemic environment.
In addition, structural analysis also revealed changes in the DG, such as an increase in dendritic spine number on granule cell neurons in the aged heteroparabionts. Similarly, parabiosis also increased measures of LTP and improved performance of the aged heteroparabionts (following separation from their partner) in the contextual fear conditioning and radial arm water maze (RAWM) paradigms, indicating reversal of age-related impairments in hippocampal-dependent learning and memory (Villeda et al., 2014) .
Notably, results in the contextual fear and RAWM paradigms were replicated by intravenous injection of young (3 months) or aged (18 months) plasma to individual young and old mice over a period of three weeks before cognitive testing. Importantly, heatdenaturation of young plasma ablated the positive effects of this treatment on learning and memory in aged mice, indicating that soluble heat-labile factors in young circulating factors drive these effects (Villeda et al., 2014) .
Speeding up remyelination with age
Remyelination is a regenerative process in the adult CNS that restores salutatory conduction, prevents axonal damage and thus permits functional recovery (Edgar and Nave, 2009 ). This process declines with age, owing in part, to changes in environmental signals governing remyelination as well as changes in gene expression within ageing oligodendroctye precursor cells (OPCs), which demonstrate a reduced ability to differentiate into remyelinating oligodendrocytes (Hinks and Franklin, 2000) .
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Stem Cell Function (Muscle, Live r, Pancreas, Heart, CNS) Fig. 2 . Theoretical model based on findings from heterochronic parabiosis studies, demonstrating the negative impact on stem cell function throughout the body, caused by age-related changes in the levels of inhibitory (red) and rejuvenating (green) circulating factors. Ruckh et al. (2012) evaluated whether the young systemic environment could also improve recovery and enhance remyelination following experimentally induced demyelination in the spinal cord. After three weeks of heterochronic parabiosis, focal injection of a demyelinating toxin was targeted to the spinal cord of the aged parabiont only. In the aged heteroparabionts, there was an increase in proliferating OPCs at both 7 and 14 days post-lesion. The positive effect on youthful milieu on OPCs was maintained at 21 days postlesion as histological analysis at day 21 revealed that remyelination was markedly enhanced in the aged heterochronic animals. As with the studies described above, these striking results were driven by rejuvenation of endogenous OPCs in the aged heteroparabiont and not engraftment of OPCs derived from the young partner.
Mechanistically, Ruckh and co-workers report that macrophages near exclusively infiltrate the lesion of the aged heteroparabiont, suggesting immune-mediated remyelination (Kotter et al., 2006; Shechter et al., 2009 ). Indeed, the authors report increased phagocytic activity of macrophages in the aged heteroparabionts, as evidenced by reduced myelin debris. Importantly, myelin proteins are known to inhibit OPC differentiation (Kotter et al., 2006) , suggesting that young derived macrophages augment remyelination by accelerated removal of these proteins.
Across a number of tissues, parabiosis studies have consistently revealed that age-related declines in stem cell function can be rejuvenated by exposure to the youthful milieu. Importantly, specific candidate circulating factors appear to drive this effect on stem cell function with two concepts emerging: (i) The age-dependent decline in youthful growth factors (e.g. GDF11) and/or (ii) An agerelated increase in inhibitory factors (Fig. 2) . The balance of these sets of factors, including many more yet to be identified, position the system milieu as a major determinant of stem cell function throughout the life span.
Intriguingly, certain dietary interventions, exemplified by calorie restriction, also promote a more youthful cellular phenotype; below we discuss how changes in nutrient availability in the systemic environment impact upon stem cell function across multiple tissues, with many findings emerging that complement those described in the heterochronic parabiosis studies.
Dietary regulation of stem cell function
The ability of stem cells to adapt their metabolism enables rapid response to environmental changes, for example, stem cells may enter a stage of quiescence in order to minimise stress or begin to proliferate-self-renew-differentiate in response to injury. The effects of diet on stem cell metabolism and function have been assessed in response to calorie restriction (CR), dietary or genetic forms of obesity and via dietary content such as poly-unsaturated fatty acid. Given that the CR and obesity are at the polar ends of the calorie intake spectrum, it is likely that these exposures will induce opposing metabolic effects on tissue-specific stem cells (Mihaylova et al., 2014) .
The impact of CR on stem cell function
CR in the absence of malnutrition (due to vitamin, mineral or other essential biomolecule deficiency) is the standard protocol for evaluating the positive benefits of limited food intake on longevity and disease (Fontana et al., 2010; Masoro, 2005; Weindruch, 1996) . Applying CR to model organisms has consistently been demonstrated to extend the average and maximum life span, improve insulin sensitivity and autonomic function, reduce inflammation, as well as delay the onset of age-related process in many model organisms including yeast, worms and flies (Fontana et al., 2010; Masoro, 2005) .
Similar conclusions are observed in higher mammals, such as rodents, following CR with marked reductions in age-associated and ultimately fatal diseases including cancer, diabetes, atherosclerosis and neurodegenerative disease (Anderson and Weindruch, 2012) ..
In nonhuman primates, CR studies have gained recent controversy (Maxmen, 2012) . A long term National Institute of Ageing (NIA) study showed that 30% CR did not improve survival outcomes, but did reduce the incidence of cancer and type 2 diabetes, when initiated in young and older age rhesus macaques (Mattison et al., 2012) . It must be noted that 4 of the CR group in this study lived longer than 40 years (the equivalent of 120 years for humans) whereas only 1 rhesus macaque lived to this age in the control group. In a similar study conducted by the Wisconsin National Primate Research Centre (WNPRC), they report additional positive benefits of a 30% CR diet, including: reduced brain atrophy, ageassociated pathologies and all-course mortality when restriction is initiated in young adult rhesus macaques (7-14 years) (Colman et al., 2009 (Colman et al., , 2014 .
In the WNPRC study, the control monkeys were fed a truly ad libitum (AL) diet to mirror human eating habits and for both the CR and control group, the diet contained 28.5% sucrose whereas the NIA control monkeys were maintained on fixed amounts diet with only 3.9% sucrose. In addition, the NIA diet also compromised of fish oils and antioxidants, factors absent in the WNPRC diet. In summary, the beneficial effects of CR on health-and life-span are conserved in nonhuman primates and the increased benefits observed in the WNPRC study appear to be driven by comparing CR against a true AL diet -a detailed discussion of the differences between the WNPRC and NIA studies is provided herein (Cava and Fontana, 2013) .
In humans, individuals who comprise the CR society are voluntarily undergoing reduced calorie intake with early reports indicating beneficial effects on many of the same adaptations that occur in CR rodents and monkeys. These include decreased metabolic, hormonal and inflammatory risk factors for type 2 diabetes, cardiovascular disease and some types of cancer (Fontana and Klein, 2007; Fontana et al., 2010; Meyer et al., 2006) . Reports from the Fontana laboratory have shown that CR opposes ageassociated alterations in two accepted markers of cardiovascular ageing: (i) left ventricular diastolic function and (ii) heart rate variability (Meyer et al., 2006; Stein et al., 2012) . In addition, CR is associated with sustained reductions in core body temperature (Soare et al., 2011) . The observed changes in CR humans have been hypothesised to partly explain the beneficial effects of CR in rodents in slowing down ageing processes (Rizza et al., 2014) .
CR is thought to activate adaptive cellular stress response pathways which enable a shift of energy resources from anabolism and reproduction towards somatic maintenance (Mair and Dillin, 2008) . Further to this, it has been proposed that the organism-wide benefits of CR are partly derived by its effects on stem cell number, integrity and function across multiple tissues (Rafalski et al., 2012) . Indeed, CR reverses or slows down age-related declines in the activity of stem cells (Bondolfi et al., 2004; Cerletti et al., 2012) , similar outcomes to when old animals are exposed to the youthful milieu (Brack et al., 2007; Conboy et al., 2005; Katsimpardi et al., 2014; Loffredo et al., 2013; Ruckh et al., 2012; Salpeter et al., 2013; Villeda et al., 2011 Villeda et al., , 2014 .
For example, CR increases adult hippocampal neurogenesis in young adult rats (Lee et al., 2000) and reverses age-related declines in neurogenic activity as well as enhances the survival of new-born glial cells in the DG of older mice (Bondolfi et al., 2004; GilletteGuyonnet and Vellas, 2008) . Similarly, Cerletti et al. (2012) report that short-term CR enhances satellite cell number in both young and aged mice, with corresponding improvement in muscle regeneration following injury. Transplantation of stem cells derived from CR-treated mice into the injured muscle of control mice is the major drivers of muscle regeneration, indicating that CR, at least in part, directly alters stem cell behaviour. Further to this, mechanistic studies revealed that satellite cells derived from CR mice contained significantly more mitochondria and these mitochondria were also more efficient at consuming oxygen for generating energy (Cerletti et al., 2012) .
Interestingly, the finding that CR positively influences muscle stem cell function closely resemble the effects of youthful milieu and GDF11 on aged satellite cells as described in the above parabiosis studies (Sinha et al., 2014) . These data suggest that CR enhances stem cell activity by altering the metabolic activity of stem cells, promoting oxidative phosphorylation over glycolysis. Further to this, a recent paper reported that CR in humans counters the typical age-related gene expression profiles in skeletal muscle (Mercken et al., 2013) . In particular, CR associated with marked transcriptional reprogramming that shifted cellular metabolism from growth towards maintenance and repair functions, as well as down-regulating several transcripts related to inflammation and key pathways that govern stem cell function such as the IGF-1/insulin/FOXO signalling cascade (discussed in Section 5.1) and akt phosphorylation.
In the crypts of the small intestine reside lgr5+ stem cells that maintain the epithelial lining of the gut (Barker and Clevers, 2007) . Lgr5+ cells are a source of Paneth Cells, which are the niche cells of the crypt and provide the factors needed to maintain the pool of lgr5+ cells (Sato et al., 2011) . Removing these crypts from mice maintained on 40% CR diets increases the capacity to form organoids (or mini-intestine type structures) in vitro (Yilmaz et al., 2012) . Notably, co-culture of lgr5+ and paneth cells is sufficient to form organoid structures, with the presence of the latter cell type being critical for this formation. Moreover, if the paneth cells alone are derived from a CR mice, there is a pronounced increase in both the ability to self-renew and form organoids, indicating a long-term effect of CR on stem cell function in vitro (Yilmaz et al., 2012) .
The beneficial effects of CR on lgr5+ are largely governed by modulation of the target of rapamycin (TOR) pathway, discussed in more detail in Section 5.2, but Yilmaz et al. (2012) also report novel molecular mechanisms mediating the response to CR. In particular, gene profiling revealed that CR increases the expression of bone stromal antigen 1 (Bst-1) in Paneth cells. Bst-1 is an ectoenzyme that sits on the membrane of paneth cells where it converts intracellular NAD+ to cyclic ADP ribose (cADPR) which then acts as a paracrine effector on neighbouring lgr5+ cells to promote proliferation.
Recently, Cheng et al. (2014) tested the impact of repeated shortterm fasting (48-72 h) on the protection and self-renewal of mice HSCs before exposure to six cycles of high-dose chemotherapy with cyclophosphamide. In the non-fasting group, approximately 60% of all mice died by cycle six whereas all mice in the fasting group survived. In the bone morrow, they observed markedly less apoptosis and double-stranded DNA breaks in the fasting group only, demonstrating a protective effect of fasting against DNA damage. Intriguingly, by the fifth cyclophosphamide treatment, there was a recovery in the number of white blood cells and lymphocytes in the fasting group, indicating cellular regeneration.
So why does CR enhance the proliferative capabilities of stem cells? Yilmaz and colleagues posit that under low calorie conditions it is potentially advantageous for stem cells to shift the balance towards self-renewal while reducing the numbers of more differentiated cell types. This shift would preserve or perhaps even increase the stem cell pool so that when nutrients become available, the tissue (in their studies it is the epithelia of the small intestine), is able to rapidly regenerate. This phenomenon is perhaps a cellular relic of our intermittent feeding patterns during evolution, where organisms had to respond to periods of prolonged famine interspersed with times of abundant food (Yilmaz et al., 2012) . So in the case of intestine, when food does arrive, the organism is able to absorb as much of the food as possible. In support of this idea, Yilmaz and colleagues observe that the intestinal crypts, which harbour the stem cell niche, become larger in response to CR, whereas the villi, the differentiated cell type of the epithelia lining, become smaller.
The impact of obesity on stem cell function
In many urbanised countries, more than 60% of the population are overweight (body mass index >25) with substantially elevated risk of obesity (https://apps.who.int/infobase). Obesity is central to the metabolic syndrome, a cluster of risk factors that also includes dyslipidemia, hypertension, insulin resistance and hyperglycaemia that together elevate the risk for atherosclerosis, cardiovascular disease, type II diabetes and neurodegenerative diseases (Kanoski and Davidson, 2011) .
Obesity results from excessive calorie intake and decreased energy expenditure, and is associated with marked dysregulation to endocrinological homeostasis and cytokine signalling (Mihaylova et al., 2014) . Strikingly, just as the ageing milieu compromises satellite cell function and muscle regeneration (Brack et al., 2007; Conboy et al., 2005) , obesity-related perturbation of cytokine activity impedes tissue repair following injury, as evidenced by delayed wound repair and impaired myofibroblast differentiation (Seitz et al., 2010) . Similarly, just as exposing mouse satellite cells to the ageing milieu skews the lineage of satellite cells away from myogenic lineages (Brack et al., 2007) , adipose-derived mesenchymal stem cells isolated from obese humans have reduced differentiation potential in ex vivo functional assays and therefore have lower capacity for spontaneous or therapeutic repair, when compared to stem cells derived from non-obese metabolically normal individuals (Onate et al., 2012) .
In addition, mouse models of diabetes, HSCs are less effective in 'mobilizing' (activation followed by entry into systemic environment), when compared to controls (Ferraro et al., 2011 ). This appears to result from disruptions to the stem cell niche and alterations to key receptors that govern HSC release from the bone marrow. Intriguingly, transplantation of HSCs from control into diabetic hosts resulted in early proliferation, suggesting that the systemic diabetic environment alters HSC activity (Ferraro et al., 2011) .
It has also been demonstrated that low-density lipids (LDLs) increase, whereas high-density lipids (HDLs) decrease HSC number (Feng et al., 2012; Murphy et al., 2011) . In addition, hormones known to be elevated in obesity, such as leptin, may also increase HSC numbers as evidence by elevated numbers following exogenous application of this hormone to ex vivo cultures (Dias et al., 2013) . It remains to be confirmed whether leptin exerts the same effect in vivo but the recent observation that the stromal HSC niche expresses the leptin receptor further supports that extrinsic dietary-related signals have the possibility to directly alter stem cell function (Ding et al., 2012) .
Just as CR is able to augment muscle repair following injury, a high fat diet induces the opposite effect, resulting in smaller muscle fibres and increased collagen deposition (Hu et al., 2010) . Notably, these effects took place in the absence of a change in satellite cell proliferation, suggesting that a high-fat diet may have more potent extrinsic effects on differentiation and maturation of muscle stem cells.
Molecular pathways regulated by organismal diet in stem cells
Differing dietary exposures will alter the composition of substrates such as glucose, amino acids and fatty acids in the systemic environment. The ability of stem cells to adapt their metabolism enables rapid response to such changing environments. There are a number of key molecular pathways involved in translating the availability of nutrients into altered stem cell function, including: insulin regulation of the phosphatidylinositol 3-kinase/AKT (PI3K/AKT) growth factor pathway; engagement of the mechanistic target of rapamycin (mTOR) pathway by nutrients; energy availability and the AMPK/LKB1 pathway and; the activation of Sirtuins by NAD+ (Mihaylova et al., 2014; Rafalski et al., 2012) . These pathways have also been implicated in governing the regulation of metabolic processes such as glycolysis and oxidative phosphorylation (Ochocki and Simon, 2013; Shyh-Chang et al., 2013) as well as mediating cell-cycle control, oxidative stress resistance, protein synthesis and longevity (Rafalski et al., 2012) . Below, we focus on two nutrient-responsive signalling pathways in particular, insulin and insulin-like growth factor (Igf1) as well as the target of rapamycin (TOR), that have been implicated in mediating the life extending effects of CR (Jasper and Jones, 2010) .
Insulin and insulin-like growth factor signalling and stem cell function
The circulating hormones insulin and Igf1 play an important role in regulating both ageing processes and stem cell activity across a number of species (Kenyon, 2010) . Specifically, the insulin/Igf1 signalling coordinates growth and development in response to nutrient availability through activation of the phosphatidylinositol-3-kinase (PI3K) pathway and inactivation of FoxO transcription factors (Signer and Morrison, 2013) . Intriguingly, mutations to genes encoding orthologs of insulin/Igf1 signalling molecules in model species such as Caenorhabditis elegans (Kenyon et al., 1993; Lin et al., 1997; Ogg et al., 1997) and Drosophila (Broughton et al., 2005; Clancy et al., 2001; Tatar et al., 2001 ) extends life span. In mice, reduced insulin or Igf1 signalling, either systemically or in a tissue-specific fashion, slows signs of ageing and increases life span (Kenyon, 2010; Signer and Morrison, 2013) . Moreover, in humans, homozygosity for a polymorphism in the FOXO3A gene is associated with longevity (Willcox et al., 2008) . Together, these studies position insulin signalling pathways as an evolutionary conserved mechanism that regulates ageing processes and life span (Kenyon, 2010; Signer and Morrison, 2013) .
Insulin signalling and FoxO activity are important regulators of long-term homeostasis and regenerative capacity across a variety of somatic stem cell populations in flies and mice (Jasper and Jones, 2010) . For example, FOXO3 appears to be integral for maintaining HSCs and NSCs, as its deletion results in depletion of HSCs and NSCs (Miyamoto et al., 2007; Paik et al., 2009; Renault et al., 2009; Tothova and Gilliland, 2007; Yalcin et al., 2008) .
In particular, FOXOs function to maintain stem cell quiescence through upregulation of proteins that arrest the cell cycle (Paik et al., 2009; Renault et al., 2009; Tothova and Gilliland, 2007; Yalcin et al., 2008) . Quiescence is an important feature of adult stem cells, ensuring preservation of the stem and progenitor pool and thus the ability to respond to differing environmental signals (Cheung and Rando, 2013) . Further to this, FOXOs also support stem-cell renewal by reducing oxidative stress during this sensitive period, in turn, this preserves genomic and protein integrity in the progeny derived from these cells (Paik et al., 2009; Tothova and Gilliland, 2007; Yalcin et al., 2008) . Specifically, FOXOs are known to regulate many genes involved in resistance to oxidative stress (Dansen and Burgering, 2008) .
In the experiment by Cheng et al. (2014) that looked at the effects of short-term fasting in context of high-dose chemotherapy, the protective effect of fasting on HSC number and white blood cell and lymphocyte recovery was also observed for mouse mutants deficient in IFG-1 signalling during the cycles of cyclophosphamide treatment. In addition, the mutant mice also exhibited partial reversal of the age-related and cyclophosphamide-induced increases in the ratio of myeloid to lymphoid cells, closely resembling the effects of short-fasting on HSC regeneration. These observations suggest that fasting increases the number of HSCs by blocking IGF1 signalling, indeed, Cheng et al. (2014) also observed that both in vitro and in vivo inhibition of IGF1-PKA signalling in bone marrow cells was the most effective means to increase the number both short and long-term HSCs. Moreover, these cells have improved ability to generate peripheral blood cells upon transplantation. Taken together, these data position the IGF1 signalling pathway as important mediator of the impacts of CR and fasting on stem cell function.
TOR signalling and stem cell function
Modulation of the target of rapamycin (TOR) pathway by signals that sense nutrient, growth factor, amino acid and energy availability, is an important mechanism mediating metabolism, cancer and ageing processes (Laplante and Sabatini, 2012) . Together these signals alter the activity of TOR, a conserved serine/threonine kinase that promotes protein synthesis and cellular growth (Laplante and Sabatini, 2012) . TOR comprises of two multiprotein complexes, TORC1 and TORC2, that both have distinct signalling pathways and downstream functions (Laplante and Sabatini, 2012) . Activated TORC1 promotes assembly of the ribosomal initiation complex and thus protein synthesis, whereas, activated TORC2 promotes cell growth, proliferation and survival (Laplante and Sabatini, 2012) .
Reduced TOR signalling, particularly via the TORC1 complex, retards organismal ageing and extends life span across model systems (Hansen et al., 2007; Jia et al., 2004) . In addition, feeding mice rapamycin, a pharmacological drug that inhibits TORC1, reduces mammalian TOR (mTOR) signalling and also extends life span (Harrison et al., 2009) . Moreover, the longevity inducing effects of rapamycin are also present when treatment is initiated in late adulthood (Harrison et al., 2009) .mTOR signalling has been demonstrated to govern a number of key processes in adult tissue-specific stem cells (Rafalski et al., 2012) . For example, mTOR activity is important for self-renewal and reduced levels of mTOR signalling also appear beneficial for stem cells. Indeed, hyperactivation of mTORC1 and/or mTORC2 aberrantly increases the proliferation of neural stem/progenitor cells and HSCs (Gan et al., 2008; Yilmaz et al., 2006) , leading to their depletion (Kalaitzidis et al., 2012; Lee et al., 2010; Magee et al., 2012) . Given that HSCs are relatively quiescent, it is possible that the potent proliferative effect resulting from increased mTOR signalling perturbs the maintenance of the stem and progenitor cell pool (Kippin et al., 2005) . Similarly, chronic mTOR activation in epidermal stem cells results in depletion of this pool and premature loss of hair (Castilho et al., 2009 ). TOR is also an important mediator of the dietary influence on stem cell function, (Signer and Morrison, 2013) . For example, in the study described above by Yilmaz et al. (2012) that investigated the effects of CR on tissues homeostasis of the epithelia in the small intestine, they observed that inhibition of the mTORC1 pathway in the paneth cells (the niche cells of the intestinal crypts), and not in the lgr5+ stem cells, was required for the beneficial effects of CR. Further to this, paneth cells derived from rapamycin treated animals, also demonstrate secondary organoid formation in vitro, identical to the effects seen in paneth cells isolated from CR mice and further implicates the mTOR pathway in mediating the beneficial effects of CR on stem cell function in the small intestines.
Taken together, these data suggest that reduced mTOR signalling could reverse age-related declines in stem cell function. Indeed, one study has shown that mTORC1 signalling is increased in HSCs isolated from aged mice and that age-related impairment of function of this type of stem cell can be reversed by rapamycin treatment (Chen et al., 2009 ). HSCs derived from aged rapamycin treated mice, were more effective in regenerating the pool of white blood cells when transplanted into an irradiated host when compared to HSCs derived from an age-matched control, linking mTOR activity to regenerative ability of HSCs (Chen et al., 2009) . This improved stem cell function is potentially mediated by autophagy, given that rapamycin is a potent inducer of autophagy, whereby elevated autophagy has been associated with increased self-renewal in HSCs as well as other tissue specific stem cell types (Pan et al., 2013) . It is intriguing to note that exposure of aged satellite cells to the rejuvenating factor GDF11 also increased markers of autophagy (Sinha et al., 2014) , showing a convergence at both the cellular and molecular level when tissue-specific cells are exposed to either CR or the youthful milieu.
Future studies examining the effects of reduced mTOR signalling in young and old stem cells are thus required to elucidate the degree to which this pathway governs stem cell ageing. As with insulin and Igf1 signalling, it will be very interesting to explore how activity in this pathway changes in context of heterochronic parabiosis and exposure to the youthful/ageing milieu.
The systemic milieu as a mediator for diet and environment induced effects on stem cell function during ageing
In the literature discussed above, it is increasingly evident that both age and diet-related extrinsic factors regulate stem cell maintenance throughout life (Fig. 3) , and notably, the mechanisms employed are often shared across species (Morrison and Spradling, 2008) . In addition, there is now growing evidence demonstrating that the properties of stem cells are governed by energy-responsive molecules and signalling pathways (Rafalski et al., 2012) .
Diet has emerged as a major environmental influence on body and brain function in health and disease. Stem cells play an important role in responding to these different dietary conditions, mediated by key nutrient sensing pathways such as mTOR and IGF-1. This suggests that the influence of diet on tissue-specific cells is mediated by changes in the systemic environment.
We described above the ability of the youthful systemic milieu to enhance remyelination in older animals (Ruckh et al., 2012) . Pusic and Kraig (2014) follow up this study by identifying candidate circulating factors in the form of exosomes which likely underlie this effect. Exosomes released by cells are enriched with specific mRNA, miRNA and proteins that remain bioactive upon uptake by the recipient cell and thus play an important role in intercellular communication (Bobrie et al., 2011) . Serum derived from young rats contains exosomes which increase the number of OPCs, their differentiation and ultimately myelin production.
Fascinatingly, Pusic and Kraig also showed that serum exosomes derived from ageing rats exposed to environmental enrichment also had the ability to improve the functional properties of OPCs and promote myelination. In addition, the authors utilised a mircroRNA expression array to identify miR-219, a microRNA required for the production of myelinating oligodendrocytes, as the key cargo being transported by the 'rejuvenating' exosomes following exposure to enriched environment and that are also present in younger animals. These results indicate that treatment with serum exosomes derived from both old rats exposed to an enriched environment as well as from young rats are able to mimic the effects of youthful milieu in enhancing remyelination. The elegant work of Pusic and Kraig provide robust proof of principle that different environmental exposures profoundly change the composition of the systemic milieu and in turn the functions of stem cells.
With this new-found appreciation of the influence of the systemic milieu on stem cell function, new avenues of research can be opened, particularly for broad-spectrum interventions such as diet which have known effects on multiple organs. In particular, some intriguing questions can now be put forward and addressed, for example, are there also specific nutrient measures, in addition to calorie intake, related to both the positive and negative effects of diet on stem cell function? If so, do they act like GDF11, with effects on multiple tissues? Similarly, does diet change the levels of CCL11 and GDF11 in the systemic milieu? What are the molecular and cellular pathways controlling stem cell fate engaged by these dietary factors? Are there dose-dependent effects? What is the dynamic range of these factors? Through the use of parabiosis, plasma/serum transfusion studies and the development of increasingly sophisticated and comprehensive 'omic' screening platforms -there is an exciting opportunity to tackle these questions.
Concluding remarks
The heterochronic parabiosis studies described above have shown that the aged systemic environment impairs the regenerative potential of older animals by compromising the function of tissue-specific stem cells. Despite perturbed intrinsic changes, however, aged stem cells remain sensitive to exogenous signals in the surrounding milieu, and are capable of reverting to a youthful phenotype (cellular and molecular) and still harbour the ability to efficiently regenerate.
Given that (i) An important function of stem cells is to dynamically respond to organismal demands and (ii) That a number of key molecular pathways such as mTOR and Igf2 signalling are involved in translating the availability of nutrients into altered stem cell function -it is likely that the dietary influence on stem cell function is mediated by changes in the composition of the systemic milieu. The study by Pusic and Kraig (2014) provides proof of principle that environmental exposures can alter the circulating levels of key factors that alter stem cell function. The profound effect of both age and diet in altering stem cell function, coupled to growing appreciation of the impact of the systemic environment, indicates that age-and diet-induced effects on organ function are facilitated by changes in the levels of circulating factors that act both directly and indirectly on tissue-specific stem cells throughout the body. Dietary interventions, or indeed other environmental exposures, that tip the balance of factors towards a rejuvenating milieu are potentially effective means to promote healthy ageing by enhancing stem cell function across multiple tissues.
